This Feature examines significant challenges and opportunities to spur innovation and accelerate adoption of reliable technologies that enhance integrated resource recovery in the wastewater sector through the creation of a national testbed network. The network is a virtual entity that connects appropriate physical testing facilities, and other components needed for a testbed network, with researchers, investors, technology providers, utilities, regulators, and other stakeholders to accelerate the adoption of innovative technologies and processes that are needed for the water resource recovery facility of the future. Here we summarize and extract key issues and developments, to provide a strategy for the wastewater sector to accelerate a path forward that leads to new sustainable water infrastructures.
■ INTRODUCTION
Although water infrastructure is critical for protecting human health and the environment, continuous investment in water and wastewater infrastructure is lagging worldwide. For example, recent surveys estimate that $322−$600 billion is needed over the next 20 years in the United States alone for projects and activities to address water quality or related public health problems. 1, 2 In addition, wastewater is increasingly seen as a valuable resource 3 that can provide fit-for-purpose water, energy, nutrients, and carbon emission savings. 4−11 A large number of governmental and nongovernmental organizations recognize the social, economic, and environmental value of resources embedded in wastewater. 12−17 For example, the strategic research action plan of the U.S. Environmental Protection Agency's (EPA) Office of Research and Development lists the recovery of energy, nutrients, water, and other valuable substances embedded in wastewater as a guiding objective 12 and the U.S. Department of Energy (DOE) has explored research opportunities in the area of waste conversion technologies. 15 Furthermore, the Water Environment & Reuse Foundation (WE&RF) lists identification of recoverable products from wastewater streams as a key knowledge gap in nutrient recovery, 14 while the International Water Association (IWA) supports recovery of water, energy, and other valuable materials found in wastewater. 16, 17 Additionally, the United Nations Sustainable Development Goals (https://sustainabledevelopment. un.org/sdgs) have specific targets related to improving water quality by increasing safe reuse of wastewater, making more efficient use of natural resources, and reducing waste generation through recycling and reuse.
Upgrading today's aging wastewater treatment infrastructure to a new generation of water resource recovery facilities will require the development and deployment of innovative technologies and processes. Figure 1 depicts this water resource recovery facility of the future, one that is energy efficient, recovers value-added resources, and uses smart sensors, software, and advanced devices to achieve desirable outcomes. These facilities are expected to reduce stress on energy systems, decrease air and water pollution, build resiliency, and drive local economic activity.
Historically, the wastewater sector has been risk adverse and slow to adopt new technologies. A major reason for this is that management of wastewater under the existing regulatory framework has a narrow (but very important) focus on treating waste to reduce risks to human health and the environment. The consequences of a system failure may also lead to adverse economic impacts. Overcoming this barrier to innovation and other challenges (discussed below) is thus key to achieve the water resource recovery facility of the future. Accordingly, reports such as those referenced above and an additional one on challenges and opportunities in the water-energy nexus 18 led to multiple venues to engage stakeholders on the topic of advancing resource recovery in the wastewater sector in the United States in 2015 and 2016. 19−23 Stakeholders included investors, technology vendors, state and federal regulatory officials, professional organization and utility representatives, engineering design consultants, and academic researchers.
Early outcomes included identifying key water-energy interdependencies, resource recovery as an area of opportunity to improve energy and water security, and challenges and opportunities to advance innovation in resource recovery from wastewater. A later outcome included discussing insights and identifying specific barriers to the development and deployment of the water resource recovery facility of the future.
The path to technology adoption depends on time-consuming, costly, and often repetitive cycles of testing and validation. Physical facilities that develop and test new technologies are currently available throughout the world. However, in the U.S., they are currently managed as individual entities and underutilized, they need to be linked to other activities inherent to an innovation network, and individually are not seen as able to widely expand technology adoption. Technology adoption could be accelerated by a national testbed network, defined here as an entity that connects appropriate physical testing facilities (bench, pilot, and commercial scale demonstrations) with other activities of an innovation network, to researchers, investors, technology providers, utilities, regulators, educators, and other stakeholders in the water resource recovery sector to accelerate the adoption of innovative technologies and processes. A successful network of innovation would thus reduce the risks inherent to innovation by effectively supporting the development of new technologies and spreading that risk between different stakeholders. Accordingly, here we discuss key issues that inhibit or drive innovation in the water sector, summarize lessons learned from similar national or global entities that seek to drive technological innovation, and provide a strategy to accelerate development of a new generation of more sustainable water infrastructures.
Barriers and Challenges to Innovation in the Wastewater Sector. Investment in technology innovation is critical to address the many dynamic changes (e.g., increases in population, urbanization, and affluence, greenhouse gas emissions, scarcity of natural resources) influencing local to global management of water and other natural resources. For example, technology innovation can allow a municipality to minimize risk associated with future increases in population or drought. However, as mentioned above, the path of new technology adoption depends on time and resource intensive cycles of testing and validation. The valley of death refers to the situation where a new technology does not advance from demonstration to commercialization 24 because a technology developer is unable to obtain financing for scale up and manufacturing. 24, 25 At this point, government entities who fund basic research would consider the work too applied and private sources of funding and public utilities may be hesitant to invest until the technology is more widely implemented. 24, 25 Lack of financial investment is known to be a significant contributor to the valley of death in the environmental (and accordingly the water) sector. 24 For example, in 2015, U.S. venture capital investments in the environmental services and equipment sector represented only 1.07% of total venture capital investments in private emerging companies. 26 In this same period, the environmental industry represented 2.83% of the U.S. GDP. 27 Furthermore, only seven of the 5,552 venture capital deals made in 2015 with private emerging companies were reported in the environmental services and equipment sector. 26 Sectors that receive significantly greater investment (to help overcome the valley of death) include the Internet, mobile/telecommunications, health care, computer hardware and software, energy/utilities, and consumer products. Compared to another important environmental sector, the number of U.S. patents annually filed in the clean energy sector began to increase at a much greater rate compared to the clean water sector starting around 2005. 28 This trend of low investment in the water sector has persisted for the past 20 years, in which environmental services and equipment have not placed in the top ten investment sectors in the United States during this period. 26 In the water and broader environmental sector, technical, regulatory, and managerial issues have also created barriers to investment. Some of these complex and integrated issues in the water and environmental sector include 24, 29, 30 (1) an overall aversion to risk that is related to the conservative nature of environmental permitting agencies, lack of test data on operational performance and cost, and the presence of strict and duplicative regulatory requirements; (2) technology transfer is not seen as an important job function for many employed at the utility level in the water sector; (3) future environmental regulatory requirements are seen as uncertain and regulations currently advance the goal of adequate treatment over goals of sustainability and resource recovery; (4) the time required for technology development may not fit with a utility's schedule for capital improvement; and (5) a failure to transfer new technologies to other utilities. Specifically regarding resource recovery from wastewater, it has been observed that establishing a fundamental business case that monetizes economic and noneconomic benefits is seen as a priority among entities actively involved in the permitting, planning, design, and operation of a future water resource recovery facility. 31 There are also differences in perspectives, goals, and investment approaches between the public and private sectors. For example, investments by the public sector are constrained by policy and legal mandates. These public investments primarily support high-risk and long-term research with occasional funding of shared demonstration projects that support the public good. In contrast, private investments emphasize return on investment through support of robust markets and market-driven products (not just technology). 25 Networking a group of physical testing facilities can advance opportunities to research, develop, demonstrate, and deploy innovative technologies which are needed to create the water resource recovery facility of the future. A testbed network will inform regulators and policy makers who influence demand for new technologies in the wastewater sector, and increase connectivity and communication between professional stakeholders and community representatives. Appropriate exchange of data, knowledge, and insights is also an important attribute, as sharing information allows the public and private sectors to reduce the risk in technology development. 25 Lessons Learned from other Testing Facilities and Networks. Other testbeds and related activities that can provide insight in the development of an innovation network exist globally. Table 1 provides examples of important activities related to and lessons learned from these efforts, in both the water and nonwater sectors that influence development of the network. Existing efforts show the value placed on partnerships between government, small and larger businesses, university researchers, technology providers, and facility staff engaged in operations. In these examples, the funding models are based on public-private partnerships. There are several international entities in the water sector (e.g., Canada, China, Israel, and South Korea) that coordinate one to four facilities that provide testing, research, and development. They demonstrate not only the widespread demand for water testing and validation services, but also global efforts to advance innovation in the water sector. Other regional and national activities show the importance of identifying market needs and developing regional and national networks that match technology providers with researchers and facility operational staff.
EPA's Environmental Technology Verification program (1995−2014) tested 500 environmental technologies with federal funding support, in which financial support from the public sector was planned to decrease over time and the program would be privatized. Discussions with EPA personnel indicated that as public funding declined, participation of small business technology providers declined from 65% to 35% of the total participants. Total participation of all technology providers also decreased during this period. One reason for declining participation by the business community included the high cost of technology validation without public support. For example, it could cost up to US $100 000 to verify a monitoring technology; verifying a treatment technology was even higher because it required a larger scope of testing parameters. Business participants also placed great importance on government participation, which provided a "seal of approval" after validation.
There are also examples of testbeds and networks that are working toward advancing innovation for nonwater technologies. In Germany, the Fraunhofer Institute for Environmental, Safety, and Energy Technology is part of the largest European organization of applied research. Their goal is to advance innovation, including environmental friendly technologies. The Fraunhofer Institute provides an important model of an innovation network for reasons that include (1) a framework that includes the many required components besides a research laboratory that are required for a successful network, (2) an established structure that manages research activities at sixty-seven locations, (3) a record of managing conflicts that occur between stakeholders, and (4) experience in managing intellectual property (IP) in a large network. Some aspects of their management of IP include implementing earnings-oriented systems and coordinating licensing agreements with strategic high-tech partners who can accelerate transfer of technology to a commercial application. The National Advanced Spectrum and Communications Test Network provides an example of how to develop a framework to screen proposals, manage test and validation plans, provide technical and administrative oversight, identify stakeholders impacted by spectrum sharing technology, and assist with knowledge dissemination. The U.S. National Carbon Capture Center is a member of the International Test Center Network that facilitates transfer of knowledge generated from carbon capture test facilities. They thus have experience in coordinating international partners if the network were to grow outside of North America. The National Network for Manufacturing Innovation (Manufacturing USA) was partially based on lessons learned from the previously mentioned Fraunhofer Institutes. It uses a public−private funding model that matches federal and industrial investment to advance technology innovation in manufacturing. Other entities outside the water sector are much smaller in scope. For example, Semiconductor Manufacturing Technology is a consortium that manages two research locations to perform research and development to advance computer chip manufacturing. They initially declined extensive government funding until merged with a public university.
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Regarding testing, the framework of the European Union's Environmental Technology Verification pilot program (now under ISO14034) allows for a testing body to work with technology manufacturers and verification bodies. Several water testing organizations are considering adopting the standard for their operations. In this case, verification bodies must first receive national accreditation and test bodies must further comply with standards for methods of testing and calibration. The absence of accreditation or certification of a test body does not however exclude it from performing verification testing. In this case, the verification body must perform an audit on the test body's quality management system.
Spurring Innovation to Support Creation of the Water Resource Recovery Facility of the Future. Recent engagement of a large number of diverse stakeholders, review of challenges to innovation in the water sector, and evaluation of entities that support regional and/or national technological innovation all together support creation of a national network that connects stakeholders with appropriate physical testing facilities to assist creation of water resource recovery facility infrastructures of the future. The structure of the network would be designed to support and complement a central function of accelerating market adoption of new technologies and processes. This in turn is expected to reduce investment risk in innovative and reliable technology.
Testbed Network Stakeholders and Structure. Figure 2 depicts the structure and major functions that the testbed process is demonstrated to be advantageous and scalable, third party validation, regulatory evaluation, and private investment will need to occur to translate an innovation to the market. The network will also provide a central platform for stakeholders to make connections within and outside the network. This enables a process where different stakeholders can share knowledge and information. For example, connecting technology providers with appropriate testbed facilities and utilities, investors with innovators, engineering consultants with new clients, and the water sector with community members can be beneficial to all stakeholders. The network can also create new and important channels for technology providers and utilities to communicate with the regulatory and policy communities on existing and emerging regulations and policy implications.
It is important for the network to not only provide a safe place for innovations to be demonstrated under realistic settings, but also to serve as a source of test results to assist in avoiding repetitive mistakes and reducing risks. Data management and sharing of the results are thus critical components of a testbed network. Therefore, the testbed network will require standards for methods, data quality, data management, and data security. There are also decisions to be made to determine what data should be included, who should have access to the data (public versus private data) and how to protect the data from outside manipulation. This is especially important given that the network is envisioned to provide different levels of data sharing and management service as a technology clearing house. Data sharing can also help reduce administrative burdens for stakeholders by providing guidelines and documents for generating intellectual property agreements, testing and evaluation protocols, and safety procedures. However, data security and intellectual property protection will need to be carefully designed and implemented, but can be based on existing structures of other networks.
The network will also provide an integrated platform for distributing information on new innovations to stakeholders that include community members. It thus provides opportunities for education, outreach activities, professional internships, and workforce training specific to the environmental and water sectors. Furthermore, the network can provide an ideal platform to organize competitions that advance innovation in the wastewater sector and other opportunities to promote collaboration and technology validation, which can advance the pace of innovation.
The testbed facilities are central components of the network, and a national network where a sufficient number of diverse facilities are available can help meet a variety of stakeholder needs. For example, technology developers and regulators may want to advance a technology but require information on its performance at facilities with varying size, operating climate, influent characteristics, and treatment and resource recovery goals.
The testbed network is envisioned to be managed by a professional association. This entity would be advised by an external board (including membership from utilities, technology vendors, facility designers, and regulators) and supported by individuals with expertise in administrative, legal, data management, and safety issues. Possible funding mechanisms include shared responsibility among the different public and private stakeholders. A business plan will consider industrial, federal, state, and other supports; this broad support will be essential to ensuring the network's long-term viability.
Different levels of memberships will be considered for participation, and the financial responsibilities of membership will depend on the level of support the network can provide. Core membership will be provided to stakeholders that have active and technical roles in research, development, deployment, and regulation (e.g., testbed facilities, technology providers, utilities, regulators, and third party validators). Adjunct membership will be available for other stakeholders such as policymakers, consultants, and educators.
Developing Appropriate Metrics. Developing a common set of metrics (and standardized evaluation and QA/QC protocols) for the network can assist efforts toward accelerating innovation by (1) providing quality reproducible and consistent data, (2) enabling transparent comparison of technologies and processes through standard data collection procedures, and (3) enhancing the state of knowledge guiding design, policy, and education of the next generation of scientists and engineers.
While the network is not expected to provide certification for individual technologies, it may accredit the individual testbeds that make up the network to ensure they provide defensible and unbiased data that leads to stakeholder confidence. It is important that metrics are relevant, easy to understand by all stakeholders, reliable, quantifiable, and based on accessible data. 32 Table 2 groups examples of proposed specific metrics. 22 These metrics are organized around environmental, economic, and social categories. Environmental performance metrics can be obtained from an inventory of material and energy inputs and outputs. These metrics can include influent and effluent flow and water quality parameters, inputs of energy and chemicals, resources recovered, and waste emissions (e.g., greenhouse gas emissions). Economic performance metrics could include capital, operation and maintenance costs, life cycle costs, and cost uncertainties. Social performance metrics would encompass risk, operational requirements (e.g., degree of automation, or staffing requirements), and ability to meet regulatory standards.
Metrics that measure how well a new technology or process minimizes physical footprint and inputs of energy and chemicals, labor during operations and maintenance, and construction materials are useful to utility stakeholders. Additionally, wide variations in wastewater complexity, geographical location, and treatment standards may require flexibility in performance assessment at different levels of technological development. For example, system size can vary at different stages of technology development; therefore, caution should be made during an assessment because system size not only impacts costs, but also the environmental sustainability of treatment integrated with resource recovery. 33 Furthermore, in efforts to normalize data so that facilities of different scale or located in different locations can be compared, attention must be placed on the use of relative versus absolute values. For example, whereas a large facility's small percent improvement may amount to a large reduction in energy consumption in absolute terms, 34 a small facility may not want to rely on such normalization as its total energy consumption may be small. Also, some technologies employed at smaller facilities (e.g., waste stabilization ponds) may already avoid use of carbon intensive mechanical energy inputs, while at the same time contribute to biogenic greenhouse gas emissions. 35 In addition, Table 2 . Examples of Proposed Metrics for a National Testbed a category example metrics (unit or approach to measure) environmental performance influent and effluent quality: flow (m 3 /day); COD, BOD 5 (mg/L); N, P, (mg/L); TSS, VSS (mg/L); temperature (°C) process inputs: energy (kWh/day); chemicals (kg/day); infrastructure (no. of tanks, tank dimensions) products: water reclaimed (m 3 /day); nutrients recovered (kg/day); energy recovered (kWh/day); biosolids produced (kg/day); other products recovered (kg/day) wastes and emissions: GHG emissions (kg CO 2 eq/day) economic performance operational and maintenance costs: O&M costs ($/year); other costs (labor, training, remote control) ($/year); avoided costs from recovered resources ($ avoided/year) infrastructure costs: capital cost ($); land area, footprint costs (m 2 , $/m 2 ) life cycle cost: infrastructure and O&M costs (net present worth) cost uncertainty: uncertainty/sensitivity analysis (standard deviation) social performance risks: performance under variability (performance over 24-h cycles (diurnal); discrete vs composite; seasonal (e.g., dry and wet weather conditions)); scalability (applicable levels of implementation); resilience (time to startup, time to recover); ease of integration in existing infrastructure; level of technology development (e.g., pilot-scale vs full scale) operational requirements: degree of automation (manual to full automation); operational availability (actual running time vs down time); staffing requirements (hours/week); training and education requirements (hours/year); skill level of operators (certifications needed) regulations: technology performance (frequency of noncompliance); statistics-based effluent concentrations; emerging contaminant removal; toxicity assays; ability to meet permit specifications or reuse requirements a Metrics and corresponding units, or the way to measure metrics, are written in parentheses. the dynamics of power demand peaks may place smaller facilities in higher tiers of service charges; therefore, considering energy cost may not be an appropriate metric. Using greenhouse gas output could be a concern because metrics that consider kg CO 2 (eq) emitted per m 3 of water processed may penalize a technology tested in a geographical location with a more carbon intensive energy provider.
Current Status of the National Testbed Network. As of 2017, approximately 70 North American facilities (from bench to full scale) have already registered an interest in piloting new technologies in the proposed network (http://www.werf.org/ lift/LIFT_Test_Bed_Network.aspx). Some activities already in place include an online platform for vendors to introduce innovative technologies to a wider group of stakeholders and discuss industry needs. Furthermore, a knowledge-sharing scholarship program is in place to support travel for utility personnel to other facilities that operate innovations of interest.
Efforts to further define the functions of the network are underway in five areas. (1) Developing pilot guidance: The network should develop and incorporate appropriate quality procedures, protocols, and systems for facility testing processes, leveraging appropriate existing standards and methods (e.g., ISO 14034). (2) Facilitating communications: The network should help connect researchers, technology providers, and other stakeholders with appropriate test facilities. (3) Assessing testbed facilities and their pilot data: The network should ensure that data developed at a testbed facility is high-quality, credible, reliable, and transferable. (4) Creating a data library to store and disseminate pilot data: The network should provide a national clearinghouse for new water technology performance data and information for use by all stakeholders. (5) Streamlining regulatory acceptance. An essential element is that the network is streamlining regulatory acceptance of new technologies and processes through integration and involvement of local, state, tribal, and federal officials through network activities. Efforts are also underway (via surveys) to track the deployment of innovative resource recovery technologies and measure outcomes related to cost savings, reductions in energy usage, amount of resources recovered, and improvements in health and water quality. Dissemination of case studies is also planned to provide a qualitative perspective that documents what role the network plays in enabling innovation.
■ CONCLUSION
The water resource recovery facility of the future will continue to protect human health and the environment, become more efficient with inputs of energy and chemicals, and may also be a net producer of energy. It will also produce fit-for-purpose water and a slate of products that improve food security and lead to production of industrial chemicals. Smart systems that require new sensors and data processing and networking technologies will be integrated with this effort. Transforming existing aging wastewater infrastructure from a paradigm that emphasizes treatment to one that equally values resource recovery will require big ideas and actions. These big ideas and actions will need be translated over appropriate timeframes into innovative technologies and processes that can be deployed over a wide range of geographical locations and plant sizes. For example, innovative technologies such as shortcut nitrogen removal and fit-for-purpose water reuse are expected to be more widely implemented over the next five to ten years, while microbial electrochemical cells are expected to have a longer implementation schedule. Greater deployment of heat recovery systems and anaerobic membrane bioreactors may occur over both near-and long-term time periods. Ultimately, a national network that connects appropriate physical testing facilities, stakeholders, and other activities of an innovation network will accelerate the development and adoption of the innovative technologies and processes that are required for the water resource recovery facility of the future. A.J. Simon is the Group Leader for Energy in the Atmosphere Earth and Energy Division at Lawrence Livermore National Laboratory. His research focuses on systems analysis and technology assessment of secure and clean energy and water solutions.
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